nicotine and resuscitated with 100% when compared to 21% oxygen. There was no significant difference in the cerebellum. We also found significantly increased tolerance to hypoxia as measured by the time interval that the animals endured hypoxia: 103.8 8 28.2 min in the nicotine-pretreated animals vs. 66.5 8 19.5 min in the saline-pretreated animals (p = 0.035). Conclusion: Nicotine enhances newborn piglets' ability to endure hypoxia, and resuscitation with 21% oxygen inflicts less necrosis than 100% oxygen. The potential neuroprotective effects of nicotine in the newborn brain should be further investigated.
knowledge in most countries that nicotine exposure during pregnancy is harmful, and that pregnant women should not smoke, although a large number of them still do (25% of all pregnancies in the USA in the 1990s [7] , 18% of all pregnancies in Norway in 2004 [8] ). At the same time nicotine has been shown to be neuroprotective in neurodegenerative disorders such as Parkinson's and Alzheimer's disease [9] [10] [11] , and it is believed to have neuroprotective abilities in transient hypoxic insults [12, 13] . Several studies have been undertaken to look at the neuroprotective effects of nicotine and the mechanisms by which nicotine exerts these effects. It has been shown that nicotine's effects are mediated both via the nicotinergic acetylcholine receptors, via direct binding to mitochondria, and by a direct effect on the Fenton reaction. Nicotine has been found to attenuate oxidative injury and proinflammatory pathways, in part by inhibiting the generation of reactive oxygen species in the mitochondria, by preserving mitochondrial functions during anoxia/reoxygenation [14] [15] [16] , by reducing the Fenton activity towards dopamine and by acting as a scavenger of reactive oxygen species [17] . It also has anti-apoptotic abilities [18, 19] . One study carried out on neonatal mice subjected to excitotoxic brain injury showed protective effects [20] .
Resuscitation is a procedure that is carried out relatively often in newborn care -with 10% of all neonates requiring assistance to start breathing at birth, and 1% needing further assistance [21] . Many groups have studied different ways of improving this procedure -one of the major points of interest being oxygen and the concentration that should be chosen. Recent guidelines open for the use of room air [21, 22] . Although traditionally 100% oxygen has been used, and is still used in several clinics worldwide, findings in both experimental and clinical trials indicate that 100% oxygen might cause harm [23, 24] . Both a Cochrane database systematic review and a meta-analyses concluded that there might be insufficient evidence to recommend room air over 100% oxygen, or vice versa, but that there was a significant reduction in mortality in infants resuscitated with room air and no evidence of harm demonstrated [25] [26] [27] .
The model chosen for this study has been used extensively both by our group and others to examine similar hypotheses. Newborn pigs have several similarities to human newborns with regard to anatomy, size, immunology and susceptibility to hypoxia. The germinal matrix of the piglet is as mature as that of a human infant of 36-38 weeks of gestation [28] .
The aims of our study were to look at nicotine's effect on newborn piglets' ability to tolerate hypoxia with regard to the duration of hypoxia endured, and the degree of damage inflicted. We also wanted to assess any possible neuroprotective effects of nicotine, and further to investigate the effect of resuscitation with room air versus 100% oxygen on the nicotine-exposed newborn brain. We chose to focus on morphological changes in the cerebellum, striatum and cortex because these areas have been described as especially vulnerable to hypoxic-ischemic damage [29] . We hypothesized that resuscitation with 21% oxygen in nicotine-exposed animals would cause less damage to the neurons compared with 100% oxygen; that nicotine would have an effect on how long the piglets endured hypoxia, and that despite nicotine's neuroprotective effects it would not be able to counteract the harmful effects of 100% oxygen on the hypoxic piglet brain.
Materials and Methods

Approval
The Norwegian Council for Animal Research approved the experimental protocol. The animals were cared for and handled in accordance with the European Guidelines for Use of Experimental Animals.
Surgical Preparation and Anesthesia
Thirty newborn, anesthetized and tracheotomized Noroc (LY ! LD) pigs were included in the study, inclusion criteria being: age 12-36 h; hemoglobin values 1 5 g/dl, and good general condition. The piglets were anesthetized, ventilated and surgically prepared -including insertion of microdialysis probes for measuring glycerol in the striatum and cortex, as previously described in the experimental protocol by Munkeby et al. [23] . Figure 1 depicts the experimental protocol. The piglets were randomized to either 2 control groups, or 1 of 3 hypoxia/resuscitation groups: saline pretreatment followed by hypoxia and resuscitation with 21% oxygen (n = 7), or nicotine pretreatment before hypoxia and resuscitation. The nicotine-pretreated animals were randomized at the end of the hypoxic event to resuscitation with either 21% (n = 7) or 100% oxygen (n = 8). The animals in the control groups underwent the entire experiment but without hypoxia or resuscitation, and they were randomized to receive either nicotine (n = 4) or saline (n = 4).
Experimental Protocol
After surgery the animals were stabilized for 1 h, and then received an intravenous infusion of either saline or nicotine over 1 h. Rectal temperature was maintained between 38.5 and 40 ° C with a heating blanket and a radiant heating lamp throughout the experiment. The animals randomized to hypoxia were subjected to global hypoxia induced by 8% O 2 in N 2 until base excess (BE) was reached (-20 mmol/l) or mean arterial blood pressure (MABP) decreased to 15 mm Hg. Thereafter they were resuscitated using 21 or 100% oxygen for 15 min, followed by 150 min of observation, ventilated with 21% oxygen, before receiving an overdose of pen-tobarbital (150 mg/kg i.v.). The brain was immediately removed and the left hemisphere and cerebellum were placed in 4% buffered formalin at a temperature of 4 ° C.
Blood gas analyses during the experiment were performed on a Blood Gas Analyzer 860 from Ciba Corning Diagnostics Corp. (Medfield, Mass., USA). MABP was measured continuously in the left femoral artery using BioPac systems MP150-CE.
Pathological Examination
Fixation and Staining Tissue blocks (0.5 cm thick) from the striatum, cortex and cerebellum were embedded in paraffin, sliced in 4-m-thick sections and stained with hematoxylin and eosin (HE).
Immunohistochemistry Formalin-fixed paraffin-embedded sections from the striatum and cortex were deparaffinized, rehydrated and demasked in a microwave oven for 15 min in Tris/EDTA at pH 9.1. Monoclonal anti-MAP2 a and b (titer 1: 300) from Chemicon International was used as a primary antibody. The antigen-antibody reaction was visualized with a DAKO EnVision horseradish peroxidase system (DAKO Cytomation Norden A/S, Glostrup, Denmark) using 3,3 -diaminobenzidine as the chromogen.
Evaluation
The samples were evaluated by a pathologist who was blinded regarding the randomization, and only had the numbers of the animals as identification. Due to the short time of survival between the hypoxic/ischemic event and sacrifice, the morphological changes in the cortex and striatum were subtle. Areas with vacuolated neuropil, shrunken neurons with pyknotic nuclei and scattered eosinophilic neurons were defined as early necrosis. MAP-2, which is a sensitive marker for neuronal ischemic injury [30] , was used to confirm the areas of damage. There was a good correlation between the morphologic changes in the HE-stained sections and loss of MAP-2 staining. The damage was reported as present (+) or not present (-).
In the cerebellum the hypoxic/ischemic changes were more fully developed as defined by the presence of necrotic Purkinje cells with eosinophilic cytoplasm. In each case the number of eosinophilic Purkinje cells were counted in one section from the vermis of cerebellum. MAP-2 staining did not give any additional information in the cerebellum.
Nicotine
Nicotine (nicotine hydrogen tartrate, Sigma-Aldrich, Oslo, Norway) at a dose of 130 g/kg/h for 60 min gave a plasma concentration of 46 ng/ml measured at the end infusion in pilot animals. The average plasma peak concentration in smokers ranges from 10 to 50 ng/ml [31] . In in vitro studies the nicotine dose used has varied from 0.046 g to 20 mg, administered to cell cultures or purified mitochondria [14, 18, 19] . In the in vivo study on neonatal mice by Laudenbach et al. [20] , the dose ranged from 0.625 to 10 mg/kg/12 h ! 3 injections.
Statistical Analysis
Statistical analyses were performed by SPSS version 11 (SPSS Inc., Chicago, Ill., USA). To assess the difference in appearance of necrosis, binary logistic regression and Fischer's exact test were used; weight and group were used as covariates. Correlations were calculated using Pearson's correlation test. The difference in duration of hypoxia was calculated using a multivariate general linear model (GLM) with weight and Hb as covariates. Glycerol was also calculated using GLM. The average age, weight and Hb are given as mean 8 SD. Differences in weight and Hb were calculated using independent sample t test, and the values given as mean 8 SD. A p level of ! 0.05 was considered statistically significant. 
Results
Piglets
The animals had a mean 8 SD age of 31 8 3 h, weight 1,749 8 200 g, and hemoglobin 7.4 8 1.5 g/dl. There were 16 male and 14 female animals distributed equally among the control and the nicotine/hypoxia/100% groups. Four of the 7 animals were male in both groups resuscitated with room air. Unfortunately there was a significant difference in weight between the 2 nicotine/hypoxia groups (p = 0.014) as shown in table 1 . Regarding Hb there was a significant difference (p = 0.003) between the saline/ hypoxia group and the 2 nicotine/hypoxia groups, and between the control groups and the 2 nicotine/hypoxia groups (p = 0.033; table 1 ). Otherwise there were no significant differences between the groups. The control groups were used to assess the possible effects of the nicotine infusion and no significant findings were detected, indicating that the infusion of nicotine alone did not cause any apparent physiological effects (it is worth mentioning that the animals in the nicotine-pretreated control group presented a significantly higher MABP at baseline). The data concerning MABP, BE, pH, pCO 2 and pO 2 for all the groups are listed in table 2 .
Nicotine
There was a difference in the length of time the animals endured hypoxemia before reaching the mentioned endpoints, with the animals in the 2 nicotine/hypoxia groups enduring a significantly longer time of hypoxemia than the saline/hypoxia group (103.8 8 28.2 vs. 66.5 8 19.5 min, p = 0.035; fig. 2 ). Regarding the control animals there was no difference between the saline-treated or the nicotine-treated animals with respect to the variables measured.
Microdialysis
When comparing the groups that underwent hypoxia there were no significant differences in extracellular glycerol concentration measured in the striatum and cortex throughout the experiment. Glycerol presented an increase during the hypoxic event and resuscitation as shown earlier [23] ( fig. 3 ). Regarding the control groups these differed significantly from the hypoxia/resuscitation groups after hypoxia was started (p ! 0.001), but there was no significant difference between the 2 control groups. 
Histology and MAP-2
There was early cerebral necrosis (striatum and cortex combined) in 6 of the 8 animals in the nicotine/hypoxia/100% oxygen group, and in 1 of the 7 animals in the nicotine/hypoxia/21% oxygen group (p = 0.036, 95% CI 0.0-0.693; fig. 4 ). There was a significant difference between the nicotine/hypoxia/21% oxygen group and the nicotine/hypoxia/100% oxygen group with regard to early striatal necrosis (0 of 7 vs. 5 of 8, p = 0.026), but not for early cortical necrosis (1 of 7 vs. 5 of 8, p = 0.063). Regarding the cerebellum there was no significant difference between the groups. The control groups displayed no pathology in the histopathological examinations. When comparing the 2 room air-resuscitated groups (saline/ hypoxia and nicotine/hypoxia/21%) there were no significant differences with regard to necrosis. In the nicotine/hypoxia/21% group, 1 animal presented necrosis (cortical), whereas 2 of the animals in the saline/hypoxia group presented necrosis either in the striatum or both the striatum and cortex ( 
Discussion
Our findings demonstrate that nicotine increases the time newborn piglets can endure hypoxemia, and that an intravenous infusion of nicotine over 1 h does not cause any apparent harmful effects. In our study, despite the possible neuroprotective effects of nicotine pretreatment, 100% oxygen caused significantly more cerebral necrosis compared to room air, illustrating that resuscitation with 100% oxygen in the nicotine-pretreated hypoxic piglet is harmful, and thus supporting the hypothesis that, compared to room air, 100% oxygen is potentially harmful when used for resuscitation after global hypoxia.
The difference in weight and hemoglobin between the subgroups could have had an influence on the results. These variables were taken into account as covariates in the statistical calculations without presenting a significant difference between the groups, and no correlation between these differences and the appearance of necrosis could be found. However, it is noteworthy that it has been shown that neonatal rats with heavier versus lighter body weight present more extensive post-ischemic brain damage [32] , suggesting that this parameter could influence the results despite the fact that it was included in the statistical analyses. There is also the matter of the significantly lower hemoglobin value in the saline-pretreated animals, which raises the question if nicotine-pretreated animals could have endured hypoxia for a longer time due to their higher hemoglobin values. But compared to previous studies, with similar conditions and higher hemoglobin values than in the saline group in this study, the time of hypoxia endured was comparable to that of the saline-pretreated animals: Munkeby et al. [23] showed a mean hemoglobin value of 7.7 8 0.18, and a mean duration of hypoxemia of 64.5 min.
Nicotine as a possible neuroprotective agent is unconventional in neonatal care. Nicotine is normally regarded as harmful. Only one study has been performed on neonatal animals to look at its possible neuroprotective effects, and a reduction in damage in those animals treated with nicotine was found [20] . The findings of our study indicate that nicotine, or other nACh receptor agonists, could potentially be protective for the neonatal brain. First there is the prolonged duration of hypoxia endured by the nicotine-pretreated animals. To some extent, this could probably be explained by the ability of nicotine to activate the sympathetic nervous system, leading to an increased heart rate, increased blood pressure and increased coronary blood flow [33] . But the dose given in our study is small, and there were no significant differences in heart rate or blood pressure between the salinetreated and the nicotine-treated animals at any given time point throughout the study. It is noteworthy that in the saline-pretreated animals, hypoxia was ended mainly due to a fall in MABP ! 15 mm Hg, whereas in the nicotine-pretreated animals hypoxia was ended mainly due to BE ^ 20 mmol/l, indicating that the effects of nicotine on the systemic blood pressure may play a role. One study was undertaken on neonatal animals to examine the effect of ␣ -adrenoreceptor agonists on excitotoxic brain damage, and found protective abilities [34] . A second finding is the lack of difference between the groups regarding glycerol values. Glycerol has been shown to increase during hypoxia and resuscitation [23, 35] , and one would think that glycerol would therefore reach higher levels in the animals that endured hypoxia longer, but no such difference was seen between the saline-pretreated and the nicotine-pretreated animals. Could this be an indication of the neuroprotective effects of nicotine? The fact that there was no more necrosis in the nicotine-pretreated animals undergoing hypoxia and room air resuscitation than in the saline-pretreated hypoxic animals, despite the significantly longer time of hypoxia, also leads to speculation regarding nicotine as a neuroprotective agent. It seems that nicotine protects the neurons making them less susceptible to hypoxia. Nicotine has an antioxidant effect as stated earlier, and it would be of interest to study this more extensively on cerebral tissue, but the fact that the hemisphere undergoing microdialysis could not be used for such analyses, and the other hemisphere was preserved using formalin, prohibited these examinations in our study. Regarding our findings of increased necrosis in the animals resuscitated with 100% oxygen we found broad support in the literature concerning the harmful effects of resuscitation with 100% oxygen [23, [36] [37] [38] [39] [40] [41] [42] . A study published in 1992 by Rootwelt et al. [43] found no difference in brain histology after resuscitation with room air or 100% oxygen in a survival model in the newborn pig (survival for 96 h). The difference between our results and these findings could be explained by the differences in the model (anesthesia, different endpoints for hypoxia), by the difference in time of observation (150 min vs. 96 h), and by the fact that nicotine exposure could make the cerebrum of the piglets more susceptible to damage caused by 100% oxygen due to the longer duration of hypoxia. The observation time in our study was brief, and it is possible that a longer observation time would have unveiled more necrosis in both groups, thus giving similar findings to those of Rootwelt et al. [43] . This clearly demonstrates the need for further long-term survival studies on this matter.
With regard to the distribution of the brain damage in our animals, these are consistent with other findings. Martin et al. [44] showed that necrotic damage to the striatum occurs relatively soon in newborn piglets subjected to hypoxia, and Thoresen et al. [45] also demonstrated the distribution of hypoxic-ischemic brain damage in the newborn piglet.
In conclusion, we found possible protective effects of pretreatment with nicotine. We observed a decrease in early necrosis both when combining striatal and cortical necrosis, and for striatal necrosis alone in the animals resuscitated with room air compared to 100% oxygen; for cortical necrosis there was a trend towards less necrosis in the animals resuscitated with room air, thus supporting other studies in the conclusion that 100% oxygen should not be used routinely for neonatal resuscitation. There is a need to further investigate the possible neuroprotective abilities of nicotine.
